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ABSTRACT 
Empir ical  equat ions are presented which w i l l  e s t ima te  the  r a t i o  of 
pro tuberance- to- f la t  p l a t e  hea t  t r a n s f e r  c o e f f i c i e n t s  f o r  supersonic  
flow i n  the  v i c i n i t y  of two-dimensional protuberances i n  a tu rbu len t ,  
supersonic  boundary l aye r .  The equations were der ived from experimental  
heat trans f e r  data taken around severa l  two-dimensional protuberances , 
i . e . ,  a 1 x 2-inch s t r i n g e r ,  a 2 x 4-inch s t r i n g e r  w i th  and without  a 
30-degree wedge, and a one-quarter  cy l inde r  forebody. 
e t e r s  i n  the equat ions are boundary l a y e r  th ickness ,  protuberance geometry, 
Reynolds number, and Mach number. Using the  equat ions ,  the  average devr-  
cent .  
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Three empir ica l  equat ions a r e  presented f o r  e s t ima t ing  the  tu rbu len t  
f l a t  p l a t e  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  the v i c i n i t y  of a two-dimensional 
s u r f a c e  protuberance under supersonic  flow cond i t ions .  Each equat ion  is 
a p p l i c a b l e  t o  one s p e c i f i c  a r e a  i n  r e f e rence  t o  the s u r f a c e  protuberance.  
The loca t ions  a r e  the  a r e a  forward of the protuberance,  the  separa ted  
flow a rea  immediately behind the protuberance,  and the  a rea  of r ea t t ached  
flow more than two protuberance heights  behind the  protuberance.  The 
equat ions a r e  l imi t ed  t o  the  v i c i n i t y  of two-dimensional protuberances 
which have f l a t ,  c y l i n d r i c a l l y  blunted,  o r  wedge-type forward f aces  and 
a 90" f l a t  r e a r  f ace .  The equations were developed from the  experimental  
d a t a  of Burbank [3] using a dimensional a n a l y s i s  approach and reduced t o  
t h e i r  f i n a l  form by t r ia l  and e r r o r .  The inc rease  i n  hea t  t r a n s f e r  coef-  
f i c i e n t  is  seen  t o  be a func t ion  of boundary l a y e r  th ickness ,  Mach number, 
protuberance geometry, and Reynolds number. A comparison between Burbank's 
experimental  data  f o r  s e v e r a l  protuberance shapes wi th  pred ic ted  va lues  
of h/ho from equat ions ( l ) ,  (2 ) ,  and (3)  showed a n  average d e v i a t i o n  of 
from -9 t o  +15 percent .  
I. INTRODUCTION 
I n  t u r b u l e n t ,  supersonic  flow, the l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  
f o r  a v e h i c l e  s k i n  wi th  s u r f a c e  i r r e g u l a r i t i e s  o r  protuberances can .vary  
widely from the  l o c a l  hea t  t r ans fe r  c o e f f i c i e n t  f o r  a s k i n  which is  
unobstructed.  For design purposes, i t  would be h ighly  d e s i r a b l e  t o  be 
a b l e  t o  c a l c u l a t e  these  "a l te red"  h e a t  t r a n s f e r  c o e f f i c i e n t s  knowing 
theprotuberance geometry and the  "unal tered" a i r  flow parameters such as 
l o c a l  Mach number, Reynolds number, and boundary l a y e r  th ickness .  A 
r e c e n t  l i t e r a t u r e  survey showed t h a t  an a n a l y t i c a l  method f o r  c a l c u l a t i n g  
l o c a l ,  supersonic  hea t  t r a n s f e r  c o e f f i c i e n t s  around protuberances w a s  no t  
i n  ex i s t ence .  However, Bertram [ l ]  showed t h a t ,  f o r  hypersonic  flow, 
empir ica l  equat ions could be formulated t o  p r e d i c t  h e a t  t r a n s f e r  coef-  
f i c i e n t s  around protuberances.  Consequently, h i s  method of formulat ion 
w a s  extended t o  the supersonic  regime. The h e a t  t r a n s f e r  d a t a  around 
two-dimensional protuberances presented i n  Burbank's r e p o r t  [ 31 provided 
e x c e l l e n t  m a t e r i a l  f o r  der iv ing  the des i r ed  ,empir ica l  equat ions .  
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111. DISCUSSION OF RESULTS 
A s  explained i n  the Appendix, dimensional a n a l y s i s  and a t r i a l  and 
e r r o r  scheme t o  account f o r  v a r i a b l e  protuberance forward f ace  configura-  
t i ons  r e su l t ed  i n  the fol lowing th ree  equat ions f o r  h/ho. Ups t r eam of 
the  protuberance,  the  h e a t  t r a n s f e r  c o e f f i c i e n t s  can be est imated by 
the  equat ion 
I/ 4 
h/ho = 60.0(1.10 - .10 6/y)  [*I (1 1 
' if L/y I 4.0.  The c o t  8 term i n  the  denominator provides  a c o r r e c t i o n  
2 
i 
I 11. TEST FACILITY AND MODELS 
The experimental da t a  given i n  Burbank's r e p o r t  were obtained from 
P. S .  Yip's protuberance h e a t  t r a n s f e r  t e s t  [3]  run i n  Langley Research 
Center ' s  Unitary Plan Wind Tunnel. Tes t  f r e e  s t rzam Mach numbers were 
2.65, 3.51 and 4.44. Reynolds number per  f o o t  va r i ed  from 1 . 3  x l o6  t o  
4.7 x lo6.  Three tu rbu len t  boundary l aye r  th icknesses  were achieved by 
mounting the t e s t  f l a t  p l a t e  model a t  d i f f e r e n t  l oca t ions  w i t h i n  the  
tunnel  t e s t  s e c t i o n .  For t h i c k  boundary l a y e r s  of s i x  inches ,  the  t e s t  
p la te  was mounted on the  tunnel  s i d e  w a l l .  For t h inne r  boundary l a y e r  
a s p l i t t e r  p l a t e  was i n s t a l l e d  i n  the  t e s t  s e c t i o n .  The instrumented 
s u r f a c e  w a s  a t tached  t o  the s p l i t t e r  p l a t e ,  and the  protuberances were 
mounted a t  d i f f e r e n t  downstream loca t ions  g iv ing  boundary l a y e r  t h i ck -  
nesses  over t h e  model of 0 .7  inches and 1 .5  inches.  Boundary l a y e r  t r i p s  
were used i n  the s p l i t t e r  p l a t e  conf igura t ion  t o  a s s u r e  tu rbu len t  flow. 
The two-dimensional protuberances t e s t e d  a re  sketched i n  F igure  1. 
The b a s i c  models were a 1 x 2-inch s t r i n g e r  and a 2 x 4-inch s t r i n g e r .  
E i t h e r  a 30" wedge or a quarter-round cy l inde r  could be added t o  the  
forward face  of the  2 x 4-inch s t r i n g e r  i n  o rde r  t o  s tudy  the  e f f e c t s  
of lead ing  edge geometry. A r a t h e r  w i d e  t e s t  p l a t e  and protuberances 
p lus  a c e n t e r l i n e  l o c a t i o n  of t he  h e a t  t r a n s f e r  ins t rumenta t ion  were 
used i n  hopes of a t t a i n i n g  and measuring two-dimensional flow. However, 
o i l  f low p ic tu re s  taken a t  t he  end of the  t e s t  h in ted  t h a t  t r u e  two- 
dimensional flow may not  have been achieved.  Therefore ,  t he  data used 
i n  de r iv ing  the  two-dimensional protuberance equat ions may have some 
inhe ren t  inaccuracies  caused by t r a c e s  of three-dimensional flow charac- 
t e r i s t i c s  i n  t he  flow f i e l d .  
f o r  two-dimensional protuberances with wedge-type f a c e s .  Local Reynolds 
number is  ca lcu la ted  from the  f r e e  stream p r o p e r t i e s  and the  w e t t e d  
l e n g t h  t o  t h e  p o i n t  being analyzed. The d i s t a n c e ,  L,  i s  measured from 
t h e  forward base of t h e  protuberance t o  the  p o i n t  i n  ques t ion .  Heat 
t r a n s f e r  c o e f f i c i e n t s  behind the  protuberance a r e  approximated by two 
equat ions ,  t h e  choice of which depends on t h e  d i s t a n c e ,  L' , downstream 
from the  t r a i l i n g  s u r f a c e .  Immediately behind the  protuberance where 
t h e  flow i s  separa ted ,  t he  appl icable  equat ion  i s  
provided L ' / y  5 2 .  It was found t h a t  f low reat tachment  occurred a t  
L ' / y  approximately equal  t o  two regard less  of t h e  forebody shape. The 
following equat ion is used t o  es t imate  h/ho i n  t h e  rea t tached  area,  
L ' /y  1 2 . 0 .  
h/ho = 1 . 0  + .025 Re(y/L')' M'(S/y)l'". ( 3 )  
Notice t h a t  wake hea t ing  f o r  two-dimensional protuberances is  i n  no way 
a f f e c t e d  by forebody ang le .  
Figures  2 through 4 show the  c o r r e l a t i o n  of t h e  func t ion  
4 .  
M3 
from equat ion  (1) t o  the  r a t i o  of pro tuberance- to- f la t -p la te  h e a t  t r a n s -  
f e r  c o e f f i c i e n t s .  Accuracy of t he  c o r r e l a t i o n  i s  good f o r  Mach numbers 
2.65 and 3.51. A t  Mach 4 . 4 4  the  c o r r e l a t i o n  is n o t  n e a r l y  s o  good, 
mainly due t o  d a t a  s c a t t e r .  Figure 5 shows the  c o r r e l a t i o n  of t he  
f u n c t i o n  
o f  equat ion  (3) wi th  experimental  h/ho d a t a .  Again, d a t a  a t  Mach 4 . 4 4  
3 
-4 
show more devia t ion .  
b e s t  i e e n  i n  Figure8 6 through 1 7 .  
The c o r r e l a t i o n  of equat ion  (2 )  w i t h  test  d a t a  is  
Figures 6 through 1 7  show p r o f i l e s  of t h e  protuberance t e s t e d  and 
the  c o r r e l a t i o n  of t e s t  data wi th  a l l  t h ree  equat ions .  Reynolds number 
e f f e c t s  were sp small  i n  the  separa ted  wake of each protuberance t h a t  
only one ca lcu la ted  l i n e  was used i n  each f i g u r e .  Accuracy of the  c a l -  
cu la ted  approximations is  no t  only b e s t  f o r  the lower Mach numbers, b u t  
a l s o  b e s t  for the more blunted protuberances,  Equation (1) should be 
w e d  wi th ,  caut ion fior forebody, angles  le88 , - than, 30 degrees ,  s i n c e  accuracy 
seems t o  decrease wi th  decreas ing  8 .  Approximating a 45-degree forebody 
angle  f o r  the quarter-round cy l inde r  forebody conf igu ra t ion  (Figures  15 
through 1 7 )  y i e l d s  reasonably accu ra t e  r e s u l t s ,  
e t e r s  i n  these equat ions are Mach number, y/6,  and y/L. Reynolds number 
e f f e c t s  a r e  almost n e g l i g i b l e  and would be well w i t h i n  the accepted s c a t t e r  
of t he  o r i g i n a l  data, i . e . ,  f25 percent .  
The most c r i t i c a l  param- 
Since equations (l),  (2 ) ,  and (3) were developed from data i n  the  
Mach number range 2.5 t o  4.5,  i t  would be wise not  t o  extend t h e i r  use 
t o  higher  Mach numbers wi thout  f i r s t  comparing them wi th  experimental  
d a t e ,  When used i n  t h i s  Mach number range,  and f o r  s u f f i c i e n t l y  b l u n t  
bodies ,  a n  accuracy of -9  t o  +15 percent  can be expected i n  the  pred ic ted  
valursl of Who. 
4 
Y = 4" 
2 X 4" STRINGER I X 2" STRINGER 
1/4 ROUND CYLINDER 
30° WEDGE 
FIGURE 1. SKETCH OF PROTUBERANCE MODELS 
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FIGURE 18. DETERMINATION OF COEFFICIENT /3 FROM EQUATION 3 a  
APPENDIX 
Method of Approach 
A s tudy  of the da ta  from Reference 3 showed t h a t  t he  dimehsionless 
protuberance f a c t o r ,  h/hoy depends on four  independent v a r i a b l e s :  
h/ho = f(Re, M a ,  y/6,  L/Y).  
Assuming a product  s o l u t i o n  of the  above p?rameters, a n  equat ion  of the 
fol lowing form would r e s u l t :  
The exponents a, B, 7, and 5 as w e l l  as the cons tan t  @, can be determined 
from the  experimental  da t a .  
The log  of equat ion (2a) is 
ln(h /ho  = I n  @ + a lq Re + B I n  M + y l n ( y / 6 )  + E l n (L /y ) .  (3a) R 
Taking the pa r t i a l  d e r i v a t i v e  of equat ion (3a) w i th  r e s p e c t  t o  each of 
the v a r i a b l e s ,  holding a l l  the  o the r  parameters cons t an t ,  allowed each 
exponent t o  be evaluated.  For example 
where B can be e a s i l y  determined by ex t r ac t ing  the  s l o p e  of the curve 
obtained by p l o t t i n g  h/ho versus  MQ on log-log paper as shown i n  Fig- 
u r e  18. I n  t h i s  case ,  p i s  3 / 4 .  The same ope ra t ion ,  performed on a l l  
o t h e r  v a r i a b l e s ,  r e s u l t e d  i n  the  following equat ion:  
2 3  
Equation (4a) was formulated using f l a t - f a c e d  protuberance d a t a  
having 6/y r a t i o s  approximately equal t o  one. 
var ious  6/y r a t i o s  and a l s o  f o r  protuberances w i t h  o t h e r  forebody shapes 
such as a 30-degree wedge and a 1/4-round cy l inde r .  
Data were a v a i l a b l e  f o r  
By adding the f a c t o r  y/2 c o t  8 t o  L,  equat ion (4a) would approximate 
t h e  experimental d a t a  f o r  t he  30-degree wedge and quarter-round c y l i n d e r  
forebody cases.  
L was measured back one-half t h e  d i s t a n c e  t o  the  o r i g i n a l  f lange  o r i g i n .  
The a n g l e  8 f o r  t h e  quarter-round c y l i n d e r  was considered t o  be 45 degrees .  
The y/2 c o t  e f a c t o r  merely moved the  p o i n t  from which 
It was des i red  t o  extend the  usefu lness  of t h e  equat ion t o  include 
cases where the  protuberance he ight  was e i t h e r  less  than, equal t o ,  o r  
g r e a t e r  than t h e  boundary l a y e r  t h i ckness .  
by t r i a l  and e r r o r  a 6/y term i n t o  the  equat ion.  
t h e  cons tan t  from the  t e s t  d a t a ,  t he  f i n a l  form of the  equat ion is 
This was done by incorpora t ing  
With the  eva lua t ion  of 
r M? 1 
h / h  = 60(1.10 - .10 6/y)  
0 
The equations f o r  t h e  o t h e r  two regimes,  t he  separa ted  and rea t tached  
a r e a s ,  were obtained i n  the  same manner as equat ion (5a) ,  w i t h  a s i m i l a r  
c o r r e c t i o n  being made f o r  varying 6/y r a t i o .  
24 
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